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　　MCM -41 molecular sieve suppor ted Rh-PPh3 cat aly sts w er e pr epar ed by the in-situ assembling
of t he met al complex from smaller moiet ies of Rh( acac) ( CO ) 2 and lig and of PPh3. The resulted guest /
host mater ials( Rh-PPh3/ MCM -41) w ere char acterized by X-ray pow der diffr action, FT IR and 31P( 1H)
NMR, and ser ved as cat aly st s for propene hydrofo rm ylation. T he results show ed neg ligible change in
MCM-41 fr amew ork after pr opene hydro formylation at 393 K . Higher hydrofo rmylation activities w er e
obtained on Rh -PPh3/ MCM-41 cat aly sts compared to t hat on Rh-PPh3/ SiO 2.
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Introduction
Heterogenizat ion of HRh ( CO) ( PPh3 ) 3 ( PPh3 :
t ripheny lphosphine ) for hydro fo rmylat ion and
select ive hydro genat ion has receiv ed considerable
at tention in the past sev eral decades fr om both
academ ic and indust rial interests [ 1] . Besides the
milestone preparat ion of w ater-so luble TPPTS and
the corresponding rhodium-pho sphine complexes
such as HRh ( CO ) ( T PPTS ) 3 ( 1)
[ 2, 3] , supported
liquid-phase catalysts ( SLPC )
[ 4— 6]
and supported
aqueous-phase catalysts ( SAPC )
[ 7]
are known as
at tract iv e alternat ives of hetero genized catalysts for
olefin hydroformylat ion.
Studies on zeo lite-encapsulated rhodium
species as hydrofoymylat ion catalysts have been
w el l documented [ 8—12] . T he major draw back for the
use of convent ional zeolites is the small por e size,
w hich makes it dif f icul t fo r subst rates to dif fuse
and approach to the act ive sites and for pr oducts to
dif fuse out of the pores w hen the lig ands w ith large
molecule sizes are employed
[ 13] . Some examples of
repo rted mesopo rous solids, including sil ica,
alum ina and pillared smect ite clay are invariably
amor phous or par a-cr ystalline, and their pores are
irregularly spaced and broadly dist ributed in
size
[ 4—6, 14]
. T he search fo r new and larg er -pore
zeolites w ill be very helpful in creat ing catalysts.
Of part icular interest is a mult i-dimensional , ext ra-
large por e mater ial. T he development o f the
mesopor ous material, named MCM-41, pro vided a
new possible candidate as a solid suppor t for
immobilizat ion of homogeneous catalysts. M CM-41
has been produced and is character ized by pore
diameters that can be adjusted betw een 1. 8 and 20
nm. Its large po re size allow s the passage of large
mo lecules such as organic reactants and metal
complexes through the pores to reach the sur face of
the channel. In addit ion, the r egular pore size of
M CM-41 can pr ovide shape select iv ity that is not
pr ovided by silica g el. It possesses regular array s
of uniform channels, higher surface area and
except ionally high so rpt ion capacit ies of
cy clohexane and benzene[ 15] . Special propert ies in
the em ission spect roscopy and posit ive ef fects in
the hydrodesulfurization catalysis of thiophene have
been observ ed by using MCM-41 as the carrier for
encapsulat ing r uthenium complexes
[ 16]
and metal
ox ides such as Ni-and Mo-oxides
[ 17] , respect iv ely .
SiO2 and Al2O3 immobilized
HRh( CO) ( PPh3 )· PPh3 catalysts yielded an
excellent SLPC sy stem fo r propene
hydr ofo rmy lation under m ild r eaction
conditions
[ 4—6] . The immobilizat ion of
Rh( PPh3 ) 3Cl on pho sphonated MCM-41 resulted in
a stable hydrogenat ion cataly st with turnover
f requency three t imes higher than that of
Rh( PPh3 ) 3Cl in the hydro genat ion of
cy clohexene
[ 18]
. We used MCM-41 mesopor ous
mo lecular sieve w ith Rh ( acac ) ( CO ) 2 and PPh3
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moet ies direct ly suppor ted as propene
hydr ofo rmylat ion catalyst . T he MCM-41 materials
used are characterized by por e diameters of 2—4
nm. The samples thus prepared w ere characterized
by var ious spect ro scopic methods before and after
pr opene hydroformylat ion, such as XRD, FTIR,
BET , and NMR.
Experimental
1　Synthesis of MCM-41-type Molecular Sieves
Si-MCM-4 and Al-MCM-41 w ere obtained
under typical hydrothermal condit ions
[ 19, 20]
by using
tet raethy lorthosilicate( T EOS) as the silica sour ce.
M CM-41 materials with dif ferent pore sizes were
at tained by using sur factants w ith dif ferent chain
leng ths. Alumino silicate MCM-41 w as synthesized
by the addit ion of Al2( SO 4 ) 3 as aluminium source to
the synthesis mix ture. T he sur face area, pore
volume and pore diameters of pure MCM-41 and
Al-modified MCM-41 materials are listed in T able
1.
Table 1　Ef fect of surfactant chain length and n( Si) / n(Al)
ratio on MCM-41 BET surface area, pore volume
and pore diameter
Supporter n * nSi/nAl
S BET /





Si-MCM -41-A 16 ∞ 1 003 0. 96 2. 8—3. 2
Si-MCM -41-B 14 ∞ 1 062 0. 68 2. 0—2. 4
Si-MCM -41-C 12 ∞ 1 193 0. 66 1. 6—2. 0
Al-MCM -41-A 16 100 845 0. 84 2. 8—3. 2
Al-MCM -41-B 16 80 848 0. 88 2. 8—3. 2
Al-MCM -41-C 16 60 848 0. 89 2. 8—3. 6
Al-MCM -41-D 16 40 565 0. 72 2. 8—3. 6
SiO 2 380 1. 03 6—12
NaY 985 0. 35 ～0. 9
NaZSM-5 38 376 0. 13 ～0. 7
　　* n is the surfactant chain length of CnH2n+ 1( CH3) 3N+ .
2　Synthesis of Catalysts
Rh( acac) ( CO ) 2 was pr epared by means of the
known method, it s IR adsorpt ion peaks agreed
w ith tho se in the literatur e[ 21] : 2 066( s) , 1 599
( s) , 1 526( s) , 1 382( s) , 1 350( s) and 763( w )
cm - 1.
M CM-41 and other supports w ere pressed and
cr ashed to 80—100 meshes before impregnat ion of
rhodium and phosphine moiet ies. The supported
Rh-pho sphine catalysts w er e pr epared by an
incipient w etness technique. A dichloromethane
so lut ion of Rh( acac) ( CO) 2 ( 0. 05 mmol / mL) w as
poured into a Schlenk f lask containing 1. 0 g
degassed MCM-41. Af ter the mix ture w as fur ther
degassed by vacuum boiling , argon w as int roduced
and the slurry w as kept at room temperature fo r 1
h while the vibrat ion was carried out . T he
dichloromethane w as removed under vacuum at
room temperature. Incipient wetness w as then used
to add a dichlor omethane-solut ion o f PPh3 to the
above sample. T he final product was a dry , f ree-
f low ing-yellow powder and noted as Rh-PPh3 /
M CM-41.
3　Characterization
The XRD pat ter ns w ere recorded on a Rigaku
D/ Max-C X-ray powder diff ractometer w ith Cu K
radiat ion. The scanning range w as 1. 6°—30°w ith
a step size of 0. 01°at a scanning rate of 2°/ min.
T here are no XRD reflex es in the usual range above
10°.




H) NMR spectr a were
recor ded on a Varian FT Unity
+
500 spect rometer
at 200 MHz and room temperature.
31
P NMR
chemical shif ts w ere repor ted relat ive to 85%
H3PO 4. T he samples in the NMR tube were
int roduced about 40% benzene befo re the
measurements. The FT IR spect ra w ere measured
on a Nicolet-740 spectr ometer w ith a r esolution of
4 cm
- 1
. T he sur face areas of the samples were
measured at 77 K by means of a convent ional BET
nit ro gen adso rpt ion method and a
SORPT OMA TIC-1900 machine.
4　Catalytic Reaction
The propene hydro formylat ion r eaction w as
performed in a high-pressure f ix ed-bed flow reactor
connect ing an on-line gas chromatgraph equipped
w ith an FID detector and a column of Po rapak Q.
T he V ( Propene ) / V ( CO ) / V ( H2 ) rat io used here
w as alw ays 1∶1∶1. The r esults show ed that the
total hydr ogenat ion products w ere low er than 1.
0% under the present experiment conditions. All
the data w ere taken at 2 h after the start of the
react ion, unless otherw ise noted.
Results and Discussion
1　Catalytic Performance
Fig . 1 show s the conversion o f propene and the
mo lar ratio o f normal-to iso-butyl aldehyde( n/ i ) as
the funct ion of t ime-on-st ream for a series of
M CM-41 and SiO 2-supported Rh-PPh3 catalysts.
T he conversion and the select ivity of these
catalysts w ere t ime-independent after the r eaction





[ c( PPh3 ) N A vS( PPh3 ) ]
SBET
( 1)
w here c ( PPh3 ) is the lo ading amount of PPh3 on
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the support ( mol g-support
- 1 ) , S ( PPh3 ) is the
cr oss-sect ional ar ea of a PPh3 molecule( 1. 2×10
- 18
m2 ) , N A v is Avogadro′s number ( 6. 02 × 1023
molecules/ mol) , and SBET is the BET sur face area
of the support ( T able 1) . T able 1 show s that the
MCM-41 materials prepared w ith CT AB as the
template have an average pore diameter of about
3. 0 nm. T he aver age pore diameter increased
slight ly with the increase of the alkyl chain length
of the template, but there w as no significant
change in por e size w ith Si/ Al molar ratio . T he
high surface area in the r ange o f 560—1 200 m
2
/ g
and the pore vo lume greater than 0. 5 cm
3
/ g for all
the samples ar e indicat iv e of the format ion o f the
mesopor ous st ructure.
Fig. 1　The propene hydroformylation performance as a
function of time-on-stream on Rh-PPh3/MCM-
41 and Rh-PPh3/ SiO2 catalysts
Reaction condi tions : 393 K, 1. 0 M Pa, V ( C3H6) / V ( CO) / V ( H2)
= 1/ 1/ 1, GHSV = 9 000 mL ( STP ) h- 1 ( g · catal . ) - 1;
0. 05 mm ol Rh ( acac) ( CO ) 2 w ere loaded on 1. 0 g su pport w ith
th e correspondin g P/ Rh molar rat io at 9; data tak en after 2 h of
react ion operat ion.
( A ) Rh-PPh 3 / S i-MCM-41-A; ( B ) Rh-PPh3/ Si-MCM-41-B;
( C) Rh-PPh3/ Al-M CM-41-B; (D) Rh-PPh3/ S iO 2.
It is found from Table 2 that the catalyt ic
act ivity o f low er cover age catalysts , per unit w eight
Table 2 The results of propene hydroformylation on











Si-MCM-41-A 0. 324 31. 6 0. 24 8. 23 7. 5
Si-MCM-41-B 0. 306 33. 6 0. 25 8. 75 7. 5
Si-MCM-41-C 0. 272 25. 4 0. 19 6. 61 7. 8
Al-MCM-41-A 0. 385 26. 1 0. 19 6. 79 7. 3
Al-MCM-41-B 0. 383 28. 1 0. 21 7. 31 8. 0
Al-MCM-41-C 0. 383 35. 2 0. 26 9. 16 7. 5
Al-MCM-41-D 0. 575 30. 8 0. 23 8. 02 7. 6
SiO 2 0. 855 13. 6 0. 10 3. 54 9. 0
　　* Al l the react ion cond itions w ere the s ame as those in Fig. 1.
of rhodium, is appreciably higher than that of the
catalysts w ith a higher coverage. As a common
featur e, much higher act ivity but low er n/ i molar
rat io on Rh-PPh3 / M CM-41 cataly sts than that on
Rh-PPh3/ SiO 2 has been obtained. We est imated
taht this r esult w as mainly due to the contribution
made by the surface area of the supports. T he
minor dif ference in catalyt ic activ ity and n/ i molar
rat io among the MCM-41 supporters prepared from
surfactants w ith dif ferent chain length and
n( Si) / n( Al ) is pr obably due to the small sizes of
reactants and products.
Table 3 show s the act ivit ies of the Rh-
catalysts w ith dif ferent Rh-loading in Rh-PPh3 /
M CM-41 and Rh-PPh3/ SiO 2. T he conversion
increased acco rdingly , as expected, but the
select ivity to butyl aldehyde increased w ith the Rh-
loading w eight , w hich w as probably due to the
concentrat ion ef fect at some lo cat ions or / and the
blocking ef fect of po re channel w hile a high surface
area w as kept af ter immobil izat ion of the Rh-PPh3
species. T his w as no t the case for using NaY,
NaZSM-5 and SiO 2 as supports. T he results ag ain
demonst rate that MCM-41 suppor ted cataly st
show ed a superior catalyt ic act iv ity in the case of
co verage studied. T he MCM-41 suppo rted Rh-
PPh3 catalysts w ith a PPh3 / Rh molar rat io o f 9 and
a coverage deg ree higher than 0. 3 w ere found not
to be evident ly deactivated af ter the r eaction for 8 h
at 393 K , while the ones w ith coverage degr ee
low er than 0. 3 presented a signif icant deact iv ation
after the react ion for 4 h.
Table 3　Propene hydroformylation on Rh-PPh3/MCM-41




w eigh t /













Si-MCM - 0. 025 0. 162 18. 1 0. 27 9. 42 6. 5
41-A 0. 050 0. 324 31. 6 0. 24 8. 23 7. 5
0. 075 0. 486 32. 3 0. 16 5. 61 7. 8
0. 100 0. 648 37. 3 0. 14 4. 85 9. 0
SiO 2 0. 025 0. 428 6. 9 0. 10 3. 59 8. 2
0. 050 0. 855 13. 3 0. 10 3. 46 9. 0
0. 075 1. 283 24. 0 0. 12 4. 16 9. 3
0. 100 1. 711 32. 3 0. 12 4. 20 9. 4
NaY 0. 100 0. 660 13. 9 0. 05 1. 81 11. 0
NaZSM-5 0. 100 1. 729 16. 1 0. 06 2. 10 10. 7
　　 * n ( P) / n ( Rh ) = 9. React ion condit ions are the same as in
Fig. 1.
2　 Characterization by BET, XRD, FTIR and
NMR
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Fig . 2 show s the N 2 adsorption-desorpt ion
isotherms of the representat ive as-synthesized
MCM-41 and PPh3-Rh/ MCM-41 samples. It can
be seen that the volume of N 2 adsorbed on the
PPh3-Rh/ MCM-41( at ～39. 9 kPa) is higher (～500
mL/ g ) than that on as-synthesized samples(～400
mL/ g ) . The t-plot analysis of the N 2-adsorpt ion
results revealed that a not iceable amount of
mesopor es was blo cked due to the immobilization of
PPh3-Rh moieties.
Fig. 2　N2 adsorption-desorption isotherms at 77 K for
the as-synthesized MCM-41 ( a ) and PPh3-Rh/
MCM-41( b) samples
Fig. 3　XRD patterns for Si-MCM-41-A before and af ter
immobilizing Rh-PPh3
a. Si-M CM-41-A; b. as-prepared Rh-PPh 3/ Si-MCM -
41-A catalyst ; c . Rh-PPh 3/S i-MCM -41-A catalyst after
propene hydroformylat ion at 393 K for 3 h.
Fig . 3 show s the XRD pat terns o f the catalysts
before and after propene hydroformylat ion. No
X-r ay dif fr act ion lines o f the Rh-PPh3 complexes or
the uncoordinat ion cry stalline PPh3 were obser ved
fo r the Rh-PPh3/ MCM-41 catalysts, suggest ing a
high disper sion of the Rh-PPPh3 complexes and fr ee
PPh3 species on the sur faces. T he peaks for the
samples after immobilizat ion of Rh-Ph3 and
hydr ofo rmylat ion became broader and less intense,
w hich indicated a low er deg ree of or der and a low er
regularity of the material. But a decrease in X-ray
peak intensity is no t necessarily an indicat ion of a
part ial collapse of the str ucture or a low er
regularity of the unidimensional pore ar rangement .
One explanat ion may be due to some o rganic
material in the pore channel after immobil ization
and react ion, w hich disturbed the regular periodic
variat ion of the elect ron density , result ing in the
apparent decrease o f hexagonal symmetry .
The IR spect ra of pure MCM-41 and Al-
MCM-41 ar e show n in Fig . 4 ( A ) . Among them
there ar e no big dif ferences. T he three main peaks
observed at about 1 085, 798 and 460 cm
- 1
could be
assignable to the ant i-symmetric and the symmetric
st retching vibrat ions of Si—O—Si f ramew ork
units, and to the defo rmat ion modes of the SiO 4
tet rahedra, r espect ively
[ 22] . T he peak at 960 cm
- 1
could be assigned to the Si—O stretching v ibrat ions
of Si—O—H. Fig . 4( B) shows the IR spect ra of
the catalysts befo re and after the propene
hydr ofo rmy lation. It is found that after
hydr ofo rmy lation tw o new bands at 2 039 and
1 922 cm
- 1
appeared[ Fig. 4( B) c] .
Fig. 4　FTIR spectra for MCM-41 with diff erent Si/ Al
molar ratio ( A) and Rh-PPh3/MCM-41 before
and after hydroformylation( B)
( A ) a. Si-M CM-41-A; b. A l-MCM -41-A ; c . A l-
MCM -41-C; d . A l-MCM-41-D. ( B ) a. Si-MCM -41-
A; b. Rh-PPh3/ S i-MCM -41-A ; c. Rh-PPh 3/ Si-MCM -
41-A af ter propene hydroformylat ion at 393 K for 3 h.
By means of adding a proper amount of
benzene to fo rm a liquid-film on the cataly st
surface, the chemical environments of
phosphor ous-containing species in the supported
rhodium-phosphine complex cataly st or it s
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pr ecur sor sy stems may be invest igated by using the




H) NMR spect roscopic
method
[ 23]





H) NMR characterizat ion show that
a larg e part o f phosphine lig and PPh3 were not in
the states of coordinat ion in the catalysts pr epared
fr eshly by using Si-MCM-41 as the suppor t and Rh
( acac) ( CO) 2 complex and PPh3 as the precursors,
and that a considerable quant ity of the complexes
containing pho sphine lig and w ith a chemical shift
w ith broadness at  41. 7, besides the fr ee
phosphine species at  - 4. 2, formed after




H) NMR spectr oscopy for Rh-PPh3 / Al-MCM-
41 af ter the react ion for 3 h demonst rated that
there existed several phosphorus peaks at  41. 9,
33. 4, and 28. 8 w ith broadness. T he results
suggest that a coor dinat ion reaction betw een Rh
Ⅰ
species and PPh3 occurr ed during the r eaction.
Fig. 5　31P( 1H ) NMR spectra for Rh-PPh3/ Si-MCM-41-
A( a) , Rh-PPh3/ Si-MCM-41-A( b) after propene
hydroformylation at 393 K for 3 h and Rh-PPh3/
Al-MCM-41-C ( c ) af ter propene
hydroformylation at 393 K for 3 h
The chemical shif t s for NMR phosphorus-31
peaks in Fig . 5 are likely due to the pho spho rus
species coor dinated to Rh
Ⅰ
atoms. In addit ion, the
IR bands at 2 039 and 1 922 cm
- 1
as show n in
Fig . 4( B) c ar e assignable to a coo rdinat ion
unsaturated sur face species o f [ Rh ( CO ) 2 ( PPh3 ) 2 ]
as compared to the data r eported in liter ature and
are differ ed f rom those for HRh( CO) ( PPh3 ) x ( x =
2, 3) and Rh( acac) ( CO) ( PPh3 )
[ 24—27]
. The species
w as po ssibly located in the pore channel of MCM-
41 for the stabilizat ion. It is reasonable to assume
that there ex ists an interact ion between the w eak
acidic MCM-41 sur face and the basic l ig and PPh3 ,
especially in the case of st ronger acidic Al-MCM-41
used as the suppor t , thus result ing in complicacy
in the NMR obser vation ( F ig. 5) . T he Rh-PPh3
species fo rmed on the catalyst sur face w as then
readily t ransformed to the complex species [ HRh
( CO ) ( PPh3 ) 2 ] act ive for the propene
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